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Iron sensingGlutaredoxins (Grxs) aremajor oxidoreductases involved in the reduction of glutathionylated proteins. Owing to
the capacity of several class I Grxs and likely all class II Grxs to incorporate iron–sulfur (Fe–S) clusters, they are
also linked to iron metabolism. Most Grxs bind [2Fe–2S] clusters which are oxidatively- and reductively-labile
and have identical ligation, involving notably external glutathione. However, subtle differences in the structural
organization explain that class II Fe–S Grxs, having more labile and solvent-exposed clusters, can accept Fe–S
clusters and transfer them to client proteins, whereas class I Fe–S Grxs usually do not. From the observed gluta-
thione disulﬁde-mediated Fe–S cluster degradation, the current view is that the more stable Fe–S clusters found
in class I Fe–S Grxsmight constitute a sensor of oxidative stress conditions bymodulating their activity. Indeed, in
response to an oxidative signal, inactive holoforms i.e., without disulﬁde reductase activity, should be converted
to active apoforms. Among class II Fe–S Grxs, monodomain Grxs likely serve as carrier proteins for the delivery of
preassembled Fe–S clusters to acceptor proteins in organelles. Another proposed function is the repair of Fe–S
clusters. From their cytoplasmic and/or nuclear localization, multidomain Grxs function in signalling pathways.
In particular, they regulate iron homeostasis in yeast species by modulating the activity of transcription factors
and eventually forming heterocomplexes with BolA-like proteins in response to the cellular iron status. We
provide an overview of the biochemical and structural properties of Fe–S cluster-loaded Grxs in relation to
their hypothetical or conﬁrmed associated functions. This article is part of a Special Issue entitled: Fe/S proteins:
Analysis, structure, function, biogenesis and diseases.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Glutaredoxins (Grxs) represent awidespread family of thiol oxidore-
ductases controlling notably the cellular redox state of a myriad of pro-
teins togetherwith thioredoxins (Trxs). However, for a speciﬁc subset of
Grxs that bind iron–sulfur clusters, the disulﬁde reductase activitymight
have been lost during evolution or became secondary/unnecessary. Both
Grxs and Trxs were ﬁrst identiﬁed in the bacterium Escherichia coli as
electron donors for the ribonucleotide reductase (RNR) [1,2]. However,
their reduction system is different. Trxs are usually dependent on
NADPH- or ferredoxin-Trx reductases whereas Grxs are dependent on
glutathione and its associatedNADPH-dependent glutathione reductase.
A few studies highlighted that some Grxs can be recycled by Trx reduc-
tases [3–5] and some Trxs by GSH and/or Grx [6–8]. From this initialproteins: Analysis, structure,
MR 1136 Interactions Arbres
. Tel.: +33 3 83 68 42 25.
ouhier).discovery that both systems may have somehow redundant functions,
Grxs and Trxs have been extensively studied in both prokaryotes and
eukaryotes to understand the differences when existing. Both proteins
share a similar 3D structure, but the current view, which suffers of
course some exceptions, is that, owing to their capacities to interact
and recognize glutathione, Grxs aremore particularly involved in the re-
duction of glutathionylated proteins, whereas Trxs are rather implicated
in the reduction of disulﬁde bonds involving two protein cysteinyl
residues. Indeed, glutathionylation is a post-translational modiﬁcation
which corresponds to the formation of speciﬁc disulﬁde bond between
the cysteine of glutathione and a single protein cysteinyl residue. This
modiﬁcation occurs as an intermediate of some catalytic mechanisms,
especially in enzymes using a sulfenic acid chemistry, but it is also
viewed as a regulatory mechanismmodulating protein function for sig-
naling purposes or as a protective mechanism of cysteine residues from
irreversible oxidation [9–11].
In principle, the reduction of glutathionylated proteins requires
a single catalytic cysteine residue, but many Grxs have a dithiol CxxC
active site motif. It served initially as a basis to distinguish dithiol
(CPY/FC motif) and monothiol (CGFS motif) Grxs [12]. However, from
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tionwas later reﬁned especially for photosynthetic organisms, as an im-
portant variability in the active site sequences exists and for instance
many Grxs with monothiol active sites (CSYS or CPYS) form a clade
with CPYC prototypes. Hence, Grxs with CPY/FC or close active sites be-
long to the class I, whereas Grxs with CGFS active sites belong to the
class II [13]. Except some bacterial and archaeal phyla, at least one
representative of these two Grx classes is present in most living organ-
isms [14,15]. Note that the class II Grx isoforms are split into single do-
main and multidomain Grxs. The CGFS-type Grxs with a single domain
are present in both eukaryotes and prokaryotes, whereas multidomain
monothiol Grxs, which consist of a conserved N-terminal Trx-like do-
main fused to 1 to 3 Grx domains at the C-terminus, are restricted to
eukaryotes [13,16]. At this point, it can be noticed that all class II Grxs
should have the capacity to bind Fe–S clusters owing in particular
to their extremely conserved CGFS active site sequence. Among
class I Grxs, the situation is more complex. The current view is that
the “ancestor” Grxs containing CPYC active site motifs were unable to
ligate Fe–S clusters and that during evolution the lost of the active site
proline notably allowed some members to acquire the capacity to
bind Fe–S clusters and possibly new functions. However, the demon-
stration that certain Grxs with a CPYC motif have a similar ability raises
new evolutionary questions. Several additional classes contain proteins
with a domain architecture including a Grxmodule but they are usually
present only in speciﬁc kingdoms, the active site signatures are quite
variable and they have often not yet been characterized [13,14].
Concerning the catalytic mechanism employed by Grxs, the number
of cysteines in the active site motif and the type of disulﬁde bond in
the target proteins will be important factors [15]. In any case, the
N-terminal active site cysteine constitutes the catalytic residue and is
indispensable for the reductase activity. In the so-called monothiol
mechanism which applies mostly for the reduction of glutathionylated
proteins, this cysteine becomes glutathionylated and it is regenerated
by a GSH molecule. On the other hand, the reduction of disulﬁde bonds
involving protein cysteinyl residues requires a dithiol mechanism and
thus an additional recycling residue that can be either the second active
site cysteine residue or an additional extra active site cysteine. The latter
mechanism is similar to the one used by Trxs. In this case, oxidized Grxs
can be regenerated either by two GSHmolecules or by dithiol–disulﬁde
exchange with Trx reductase as mentioned above. Thus, it is important
to mention that Grxs with dithiol active sites can potentially use both a
monothiol and a dithiol mechanism [17].
Concerning the physiological roles, Grxs are associated to a large
number of cellular processes. Reverse genetic analyses indicated they
were primarily connected to oxidative stress response mechanisms
including regulation of apoptosis, tolerance to heavy metals but also
that some Grxs are important for developmental processes (see recent
reviews) [16,18–22]. Considering the increasing number of identiﬁed
glutathionylated proteins, which all constitute potential Grx substrates,
we anticipate that the cellular processes implicating Grxs will continue
to expand in the coming years.
Beyond the functions connected to the Grx oxidoreductase activity,
several studies conducted since 2002 pointed to the capacity of both
class I and II Grxs to bind iron–sulfur (Fe–S) clusters and to the impor-
tance of class II Fe–S Grxs for different iron-regulated processes. These
Grxs will be referred thereafter to as class I Fe–S Grxs and class II Fe–S
Grxs. Grxs from class II are particular since their function(s) could rely
uniquely on their capacity to bind an Fe–S cluster not on a potential re-
ductase activity which still has to be demonstrated in several cases. In
any case, considering the fact that human Grx2 holoform, a class I Grx,
has no signiﬁcant disulﬁde reductase activity [23], none of the Fe–S
ligating Grxs, do they belong to class I or II, should exhibit reductase
activity under their holoforms. In this review, we discuss the recent
genetic, biochemical, structural and molecular studies that contributed
to improve our understanding about the physiological roles of Fe–S
containing Grxs. A wealth of information is available from studiesconducted in yeast and humanmodels, whereas it lags behind in bacte-
ria and plants. After illustrating the types of Fe–S clusters bound by Grxs
and the structural bases explaining the differences between class I
and class II Fe–S Grxs, we will focus our attention on the role of class II
Fe–S Grxs in thematuration or repair of Fe–S clusters and in the regula-
tion of iron homeostasis.
2. Structural and spectroscopic insights into the Fe–S cluster binding
capacity of glutaredoxins
2.1. Class I Fe–S glutaredoxins usually bind stable [2Fe–2S] clusters into
homodimers
Human Grx2was the ﬁrst member characterized as an Fe–S cluster-
binding protein [23]. The biochemical characterization of the recombi-
nant protein demonstrated that it can bind a [2Fe–2S] cluster into a
homodimer, a property which was then conﬁrmed for poplar GrxC1.
Moreover, analytical GSH measurements coupled to the resolution
of the three dimensional structure of the GrxC1 holoform showed that
the Fe–S cluster is in fact coordinated by the N-terminal active site
cysteine of both monomers and by the cysteines of two GSH molecules
[24,25]. A similar ligation mode was observed in human Grx2 [26,27],
A. thaliana GrxC5 [28] and very likely S. cerevisiae Grx6 [29] (Table 1).
In the case of ScGrx6, the form binding Fe–S clusters is a tetramer
but it is likely related to the existence of an N-terminal extension that
promotes noncovalent dimerization [29,30]. Note that an extra beta-
sheet is found in the Grx domain of ScGrx6 [30]. However, since this ad-
dition is likely present in yeast Grx7, a protein that does not incorporate
an Fe–S cluster, it should not be crucial for cofactor ligation. Although
the cluster of poplar GrxC1 is reductively labile [25], the Fe–S clusters
assembled onto class I Fe–S Grxs are much more stable compared to
those assembled onto class II Fe–S Grxs. Indeed, the proteins, at least
the plant isoforms, can generally be homogeneously puriﬁed under
aerobic conditions without loosing much Fe–S cluster. Compared to
conventional class I Grxs with CPYC and CPFC active site sequences, all
these proteins have the peculiarity not to have the active site proline,
but instead a glycine (poplar GrxC1) or a serine (HsGrx2, AtGrxC5 and
ScGrx6). Consistently, site-directed mutagenesis studies performed on
poplar GrxC1 and HsGrx2 as well as on Grxs with a CPxx active site sig-
nature (poplar GrxC2, C3, and C4 and human Grx1) that do not visibly
assemble such an Fe–S cluster showed that, in all these proteins, the
proline prevents the assembly of an Fe–S cluster, whereas the presence
of a glycine or a serine was sufﬁcient for Fe–S cluster incorporation
(Fig. 1) [25,26].
However, depending on the Grxs considered, other factors are
clearly important. Indeed, Trypanosoma brucei 2-C-Grx1 and zebraﬁsh
Grx2 are able to bind an Fe–S cluster despite having a CPYC active
site [31,32]. In the case of zebraﬁsh Grx2, the Fe–S cluster binding is un-
usual since it is boundwithin amonomer and the coordination could in-
volve four cysteines present outside the active site and speciﬁc to teleosts
[31]. Other information came from the biochemical and structural
comparison of two plant chloroplastic isoforms, PtGrxS12 (28WCSYS32
active site) and AtGrxC5 (28WCSYC32). Indeed, despite having a strong
sequence identity, only GrxC5 can form a [2Fe–2S] cluster-bridging
homodimer [28]. Site-directed mutagenesis performed on GrxS12 indi-
cated that the simple substitution of Trp28 by a tyrosine or of Ser32 by
a cysteine enabled the incorporation of an Fe–S cluster, meaning that
these two positions (−1 and +3 compared to the ligand cysteine) are
also crucial for Fe–S cluster binding [28,33]. Accordingly, the opposite
Cys32 to serine mutation in GrxC5 prevents Fe–S cluster binding [28].
The observed stabilizing effect of Cys32 was attributed to the formation
of a hydrogen bond between Cys32 and a lysine residue preceding the
active site (Lys26) which helps stabilizing the loop containing the active
site residues essential for Fe–S cluster coordination [28].
All these biochemical, spectroscopic and structural studies have
been performed with recombinant proteins. An important aspect to
Table 1
Mutant phenotypes and associated functions of Fe–S cluster-binding glutaredoxins.
Class I
Organism Protein
names
Active site
signatures
Mutant phenotype(s) References
Saccharomyces cerevisiae Grx6 CSYS Increased sensitivity toward oxidizing agents, reduced sensitivity to the glycosylation
inhibitor, tunicamycin.
[143,144]
Danio rerio Grx2 CPYC Impaired angiogenesis and brain and heart development [145–147]
Homo sapiens Grx2 CSYC Increased sensitivity toward cell death inducers [148]
Mus musculus Grx2 CSYC Increased sensitivity to oxidative stress, decreased mitochondrial complex I activity [149]
Rattus norvegicus Grx2 CSYC Impaired mitochondrial Fe–S cluster assembly and IRP1 regulation [38]
Trypanosoma brucei 2-C-Grx1 CPYC No growth phenotype [32]
Arabidopsis thaliana GrxC1 CGYC No visible phenotype in standard growth conditions [150]
Arabidopsis thaliana GrxC5 CSYC None yet described
Sinorhizobium meliloti Grx1 CGYC Decreased growth, increased sensitivity to H2O2, impaired nodule formation and nitrogen
ﬁxation capacity
[108]
Class II
Organism Protein
names
Active site
signatures
Mutant phenotype(s) References
Single domain
Saccharomyces cerevisiae Grx5 CGFS Increased sensitivity to oxidative stress and defaults in Fe–S cluster assembly [12,48,49,51]
Schizosaccharomyces pombe Grx5 CGFS Defaults in Fe–S cluster assembly, decreased amount of mitochondrial DNA, reduced growth
and sensitivity toward oxidants
[65,128]
Danio rerio Grx5 CGFS Embryo lethal [53]
Homo sapiens Grx5 CGFS Defaults in Fe–S cluster assembly, sideroblastic anemia, nonketotic hyperglycemia, increased
apoptosis in osteoblasts
[52,54,55,151]
Trypanosoma brucei 1-C-Grx1 CAYS Lethal [39]
Trypanosoma brucei 1-C-Grx2 CGFT None yet described
Trypanosoma brucei 1-C-Grx3 CGFT None yet described
Sinorhizobium meliloti Grx2 CGFS Defaults in Fe–S cluster assembly, deregulation of RirA transcriptional activity, increased
intracellular iron content, modiﬁed nodule development
[108]
Escherichia coli Grx4 CGFS Sensitivity to iron depletion [80]
Azotobacter vinelandii Grx5 CGFS None yet described
Azotobacter vinelandii Grx-nif CGFS None yet described
Gloeobacter Violaceus GvGrx3 CGFS None yet described
Thermosynechococcus elongatus TeGrx3 CGFS None yet described
Synechocystis PCC6803 SyGrx3 CGFS Hypersensitivity to metals and oxidative stress (H2O2, heat, high light) treatments [152]
Arabidopsis thaliana GrxS14 CGFS Sensitivity of root growth to H2O2 [77]
Arabidopsis thaliana GrxS15 CGFS Sensitivity of root growth to H2O2 [153]
Arabidopsis thaliana GrxS16 CGFS None yet described
Multidomain
Saccharomyces cerevisiae Grx3 CGFS Impaired regulation of Aft1/iron homeostasis [112,113]
Saccharomyces cerevisiae Grx4 CGFS Impaired regulation of Aft1/iron homeostasis [112,113]
Schizosaccharomyces pombe Grx4 CGFS Lethal [128]
Saccharomyces cerevisiae Grx3/4 CGFS Impaired iron trafﬁcking and assembly of Fe-S proteins, heme, and iron-containing proteins,
reduced growth and sensitivity to oxidizing agents
[104,113]
Danio rerio Grx3 CGFS Impaired heme synthesis and Fe–S protein maturation [107]
Homo sapiens Grx3/Picot CGFS Decreased activities of cytosolic Fe–S proteins [107]
Mus musculus Grx3 CGFS Embryonic lethality, cardiac hypertrophy in heterozygous mice [154]
Arabidopsis thaliana GrxS17 CGFS Hypersensitivity to elevated temperature and altered auxin perception [91]
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forms. The presence of an Fe–S cluster was in fact rarely unambiguously
demonstrated and the relative abundance compared to apo-proteins
never assessed. Grx2 immunoprecipitation from human cell lines culti-
vated with 55Fe isotope indicated the presence of radiolabelled iron
which suggested that an Fe–S cluster is assembled in vivo [23]. Another
conﬁrmation of the capacity of human Grx2 to bind an Fe–S cluster in
vivo came from the genetic engineering of a Grx2 fusion with Venus
ﬂuorescent protein fragments and its expression in the cytosol of bacte-
rial and mammalian cells [34]. The detection of ﬂuorescence in these
cells which resulted from reassembly of the split Venus was indicative
of the building of a [2Fe–2S] cluster onto a dimeric Grx2. In mammalian
cells, it was shown to require the iron–sulfur cluster assembly proteins,
ISCU and NFS1.
Another crucial question is the function of these Fe–S bound Grx
forms. Indeed, contrary to the apoform, the holoform of human Grx2
has no reductase activity [23]. Moreover, in recombinant human Grx2,
the Fe–S cluster is stabilized in the presence of GSH, whereas GSSG
but also dithionite and ascorbate promoted Fe–S cluster degradation[23]. From this observation, the authors proposed that the Fe–S cluster
serves as redox sensor, by modulating Grx2 activity in response to
changing conditions. Indeed, they proposed that Grx2 could exist
mostly under an inactive holoform under non-stress conditions, where-
as the disruption of the Fe–S cluster upon oxidative stress conditions
would result in the formation of catalytically activemonomers. A similar
GSH or glutathionyl-spermidine (Gsp) stabilization effect was also
observed for example for poplar GrxC1 and T. brucei 2-C-Grx1 respec-
tively [25,32]. Indeed, in the parasite, speciﬁc thiols such as Gsp and
trypanothione (T(SH)2) can replace GSH as non-protein Fe–S cluster li-
gands. The observed GSH stabilizing effect might be related to the con-
stant exchange observed between the GSH involved in Fe–S ligation and
the free GSH pool as observed for humanGrx2 and poplar GrxC1 [26,35]
but also for poplar GrxS14, a class II Fe–S Grx [35]. Accordingly, it was
shown also that GSH prevents the Fe–S cluster transfer from plant
holo Grxs to an apo-ferredoxin, the effect being more marked with
class I compared to class II Fe–S Grxs. For instance, according to its in-
ability to complement the yeast grx5 mutant, it was initially shown
that GrxC1 is unable to transfer its Fe–S cluster to an apo-ferredoxin in
Fig. 1. Structural alignment of [2Fe–2S]-cluster bridged glutaredoxins. Sequences from Fe–S containing Grxs whose structures are solved were aligned using Strap (http://www.
bioinformatics.org/strap/) based on all available X-ray structures. The secondary-structure elements of human Grx5 are indicated on top of the ﬁgure, with arrows representing β-sheets
and cylindersα-helices. The active site Grx signature and the TVP and GGmotifs are in black rectangles. Residues interacting with GSHmolecules are colored in red. Residues involved in
the monomer–monomer interface in class II Grx holoforms are highlighted with blue rectangles.
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albeit with a relatively weak rate constant compared to class II Fe–S
Grxs [35]. A bidirectional Fe–S cluster transfer between human Grx2
and the scaffold protein ISU was also evident from in vitro experiments
[37]. All these Fe–S cluster transfer results have to be interpreted with
caution since GSH likely shifts the thermodynamic equilibrium of the
reaction. Additionally, other parameters such as the GSH/GSSG ratio
and total glutathione concentration which are varying in a cellular con-
text are important to consider when thinking to the in vivo Fe–S cluster
delivery steps involving Grxs. Since the GSSG destabilizing effect on
poplar GrxC1 was very weak and since Fe–S clusters are also known
to be sensitive to reactive oxygen species, it might be that the oxidative
sensing mechanism relies on superoxide ion (O2.–)or on H2O2 instead of
GSSG. Indeed, as assessed with redox sensitive GFP (roGFP) probes, the
GSSG levels, which are very low compared to GSH levels in cells under
normal conditions, would remain far belowGSH levels under stress con-
ditions and may not be sufﬁcient to promote Fe–S cluster disassembly.
The phenotypic and molecular analyses of cells or organisms depleted
for these Fe–S cluster containing class I Grxs are scarce (Table 1). In
most examples, the observed defects were either developmental as in
the case of zebraﬁshGrx2or consisted in a decreased tolerance to oxida-
tive stress conditions. The only study that pointed to a clear relationship
with iron homeostasis was performed with rat cell lines, showing that
the extinction of mitochondrial Grx2 led to the impaired assembly of
several mitochondrial Fe–S proteins and to IRP1 deregulation [38].
However, there was no evidence that it was linked to the capacity of
Grxs to assemble Fe–S clusters.
2.2. Fe–S clusters ligated by class II Fe–S glutaredoxins are more labile and
their nature and binding mode is more variable
Following the identiﬁcation of Fe–S clusters in class I Fe–S Grxs,
several studies reported that CGFS Grxs also formed holo-homodimersincorporating a [2Fe–2S] cluster with a ligation similar to class I Fe–S
Grxs [36,39–41]. Interestingly, human Grx5 might incorporate two
[2Fe–2S] clusters into a tetramer, but the existence of such oligomeric
form is debated [42,43]. The analysis of human Grx3 and Arabidopsis
GrxS17, multidomain CGFS Grxs possessing two and three Grx
domains, indicates that the holoproteins also form dimers but that
they contain two or three Fe–S clusters respectively according to the
number of Grx domains (our unpublished result, [44]). In the case of
the mitochondrial 1-C-Grx1 isoform of T. brucei and as reported for
Tb2-C-Grx1, Gsp and T(SH)2 can serve as ligands instead of GSH [45].
While class I Fe–S Grxs were shown to bind uniquely [2Fe–2S] clusters,
the recent spectroscopic characterization of a recombinant ScGrx5
demonstrated its ability to incorporate linear [3Fe–4S] and [4Fe–4S]
clusters [46]. Strikingly, there was no sign of Fe–S cluster when puriﬁ-
cation is achieved immediately after cell lysis and regardless of the use
of aerobic or anaerobic conditions, whereas exposure of cell-free ex-
tracts to aerobic conditions allowed purifying linear [3Fe–4S] cluster-
bound forms. Accordingly, in vitro anaerobic reconstitution experiments
showed that, in the presence of GSH, a linear [3Fe–4S] cluster is predom-
inantly reconstituted. On the other hand, in the presence of DTT but in
the absence of GSH, a [4Fe–4S] cluster is the only Fe–S cluster bound
form into a dimer. These results also prompted the authors to reinter-
pret previous UV/visible spectra obtained for several recombinant class
II Fe–S Grxs initially attributed as [2Fe–2S] cluster [41], as containing lin-
ear [3Fe–4S] clusters or amixture between linear [3Fe–4S] and [2Fe–2S]
clusters. Such a variation has also been observed for A. thaliana GrxS16
which binds a [2Fe–2S] cluster into a dimer upon reconstitution experi-
ments in the presence of GSH, but a [4Fe–4S] cluster into a tetramer
when GSH is replaced by DTT (our unpublished result).
Besides the active site cysteine, the contribution of other active site
residues including the CGFS signature and the GSH binding residues
has been examined by site-directed mutagenesis on a few isoforms.
Using Synechocystis Grx3 and yeast Grx4 as models, it was shown that
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Fe–S cluster formation respectively [41,47]. This is explained by the
fact that GSH position in apo- and holo-Grxs does not vary much (see
Section 2.3). From most of the mutagenesis work performed with
class I Grxs, it was initially thought that the presence of a glycine or a
small residue after the catalytic cysteine (at position +1) is required.
However, a mutational analysis achieved by Hoffmann and co-
workers revealed that the requirements for Fe–S cluster stabilization,
at least in yeast Grx4, are different, not to say opposite [47]. Indeed,
they showed that substituting the glycine by a proline does not prevent
cofactor assembly, whereas replacing the serine (position+3) by a cys-
teine, forming a dithiol active site as in human Grx2, poplar GrxC1 or
Arabidopsis GrxC5, resulted in its destabilization. Importantly all tested
variants were able to bind iron and most likely Fe–S clusters and re-
stored the growth of a S. cerevisiae strain where Grx3 is deleted and
Grx4 is expressed under the control of the glucose-repressible GAL-L
promoter. However, most of these variants were unable to completely
compensate Aft1 deregulation (see explanation about the connexion
in Section 4) indicating that these changes somehow disturbed the
cofactor environment, preventing interaction or cofactor transfer
with Aft1.
2.3. Structural properties and comparison of Fe–S cluster binding Grxs
Only ﬁve crystal structures of Fe–S cluster-bridged Grxs have been
solved to date, three from class I (PtGrxC1, AtGrxC5, HsGrx2) and two
from class II (HsGrx5, EcGrx4) and they are all with [2Fe–2S] clusters
[25,27,28,40,43]. In all these structures, the [2Fe–2S] cluster is at the
interface of two Grx chains and each iron atom is coordinated by four
sulfur atoms, two inorganic from the cluster, one from the N-terminal
active site cysteine of Grx chain and one from the cysteine moiety of
GSH. However, not all Grx holoforms are dimeric. Indeed, crystallo-
graphic studies showed a higher oligomerization in the solid state for
PtGrxC1 and HsGrx5. Both crystal forms contained four protein mole-
cules in the asymmetric unit. For poplar GrxC1, the tetramer contains
only one [2Fe–2S] cluster and owing to the use of aerobic conditions,
it likely resulted from co-crystallization of one holodimer and of two
monomers coming from the disruption of another holodimer [25]. On
the other hand, the tetrameric organization of HsGrx5 which contains
two [2Fe–2S] clusters, forming a dimer of holodimer, may be biological-
ly relevant (Fig. 2a). However, while the oligomerization state was
initially conﬁrmed by gel-ﬁltration chromatography experiments and
sedimentation velocity analytical ultracentrifugation [43], NMR and
analytical gel ﬁltration analyses performed in another study provided
evidence for the presence of a single Fe–S cluster into a dimer [42]. In-
terestingly, crystal packing analysis of the X-ray structure of EcGrx4 re-
vealed a tetramer similar to HsGrx5, but there has beenno experimental
conﬁrmation about the formation of such oligomers in solution. Among
these contacts, there are only few polar interactions which might ex-
plain the observed discrepancy in the oligomerization state depending
on the conditions and concentrations used. Only the S. cerevisiae Grx6
[29] and a speciﬁc A. thaliana [4Fe–4S]-loaded GrxS16 holoform (our
unpublished results) proved to exist as tetramers in solution. However,
compared to HsGrx5, the tetramer formation in ScGrx6 is different as it
involves a speciﬁc N-terminal domain.
Before comparing in more details apo- and holoforms in each
class and class I vs class II holoforms, it is important to describe the or-
ganization of a Grx monomer. All Grx monomers exhibit a thioredoxin
fold made of a central four-stranded mixed β-sheet ﬂanked by ﬁve
α-helices with an α1β1α2β2α3β3β4α4α5 topology. At the primary
sequence level, typical motifs, containing residues forming the active
site, are conserved in most Grxs. The Cxx[C/S] signature is invariably
positioned at the N-terminus of α2, the TVP sequence is situated
in the loop between β3 and α3 and the GG sequence is found at the
N-terminal end of α4. In apoforms of both class I and class II Grxs,
the GSH binding site is conserved and involves four anchor points.The ﬁrst crucial amino acid is the N-terminal active site cysteine
since it is involved in the formation of a mixed disulﬁde with glutathi-
one during the catalytic cycle. The second region involves two residues
interacting with the carboxyl group of glycine. It is composed of a well-
conserved lysine found in the loop between β1 and α2 and of another
residue found in α3, predominantly a glutamine or an arginine in class
I or class II Grx isoforms respectively. The third key position is occupied
by the residue preceding the cis-proline of the consensus TVP motif (in
general a valine) that interacts with the GSH cysteinyl moiety via main
chain-main chain hydrogen bonds. The last GSH anchor point is formed
by the interaction of the γ-glutamyl group of GSHwith two residues lo-
cated in α4 and immediately following the characteristic GG motif.
Surprisingly, despite having a similar Fe–S cluster coordination,
the orientation of the two Grx monomers in class I and class II Grx
holodimers is different (Fig. 2b). In both cases, the monomers are re-
lated by a 2-fold axis. In class I Fe–S Grxs, the mean β-sheet planes of
both monomers are quasi perpendicular, while in class II Fe–S Grxs
they are quasi coplanar in a head-to-head fashion [25,27,40,43]. The
presence of a 5 residue insertion prior to the active site cysteine in
class II Fe–S Grxs seems to determine the type of assembled dimer
(Fig. 1). There is no contact between the two monomers in class I
Grx holodimers, except via the glutathione molecules (see below),
whereas conserved hydrogen bonds between monomers stabilize the
dimers in E. coli Grx4 and human Grx5 (Lys22, Pro28, Ser29 and Arg59
in E. coli Grx4 and equivalent residues in human Grx5) (Fig. 3a). Never-
theless, the Fe–S cluster is more solvent-exposed in class II Fe–S Grxs
compared to class I Fe–S Grxs.
Upon Fe–S cluster incorporation, the GSH position only slightly
varies. Nevertheless, additional residues from the active site participates
to GSH stabilization in class I Fe–S Grxs but not class II Fe–S Grxs. In
poplar GrxC1 (YCGYC signature), the Tyr at position−1 compared to
the ligand cysteine interacts with the GSH of the same monomer,
whereas in human Grx2 (SCSYC signature), the serine (position −1)
interacts with the GSH of the other monomer. In AtGrxC5 (WCSYC
signature), the Trp and Ser residues interact with GSH of the other
monomer (Fig. 3b). On the other hand, more drastic changes occur to
the residues forming the active site during the transition from apo-
monomer to holo-dimer, since Fe–S cluster incorporation causes steric
constraints. Conﬁrming the site-directed mutagenesis experiments, an
in-depth analysis of class I Fe–S Grx structures indicated that, except
the catalytic/ligand cysteine, most residues adopt different rotamers
in the apo- vs holo-form (Fig. 3c & d). In human Grx2, it concerns essen-
tially the lateral chains of serine and tyrosine at position+1 and+2 re-
spectively [27]. In Arabidopsis GrxC5, the lateral chains of residues at
position−1, +1 and +2 also adopt different rotamers in both forms
[28]. Moreover, as already mentioned, the cysteine at position +3
forms a hydrogen bondwith themain chain of the conserved lysine pre-
ceding the active site motif in Grxs, which stabilizes the loop containing
other residues essential for Fe–S cluster binding [28]. Interestingly,most
of these changes help protecting the cluster from solvent and from
oxidative degradation. The residue at position +3 is also important
for Fe–S cluster incorporation into class II Fe–S Grxs. Indeed, in E. coli
Grx4 apoform, this Ser residue interacts with another serine, at position
−1, whereas it interacts with the conserved lysine preceeding the ac-
tive site in holodimers [40].
Overall, these structural analyses revealed that the formation of
Grx holodimers necessitates local conformational rearrangements, af-
fecting notably most residues of the active site signature. Indeed
these residues provide the required protein backbone ﬂexibility for
Fe–S cluster binding and also allow the formation of favorable interac-
tions with the neighboring GSH. Finally, these changes and the differ-
ences in subunit orientation between class I and II Grx holoforms
confer different Fe–S cluster stabilities which could explain the distinct
functions attributed to these proteins, Fe–S cluster transfer for class II
Fe–S Grxs and oxidative signaling via Fe–S cluster degradation for
class I Fe–S Grxs.
Fig. 2. Oligomerization states of Grxs. (a) Tetrameric organization of human Grx5 which contains two [2Fe–2S] clusters and four GSHmolecules (in sticks), forming a dimer of holodimer
(holodimer 1: A–B and holodimer 2: C–D). (b) Superposition of the X-ray structures of HsGrx2 (class I) and EcGrx4 (class II) holoforms. Monomers A (colored inwhite) of both structures
were superposed to highlight differences inmonomer B orientation. Formonomer B, secondary structures (helices, strands and loops) are colored respectively in red, yellow and green for
HsGrx2 and in cyan, purple and pink for EcGrx4. The 5 residue insertion before the active site of class II Grxs is circled.
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3.1. Mitochondrial monodomain class II Fe–S Grxs mediate the transfer
of Fe–S clusters by linking early and late-acting components of the ISC
machinery
3.1.1. Phenotypic analyses of mutants
The implication of class II Fe–S Grxs in Fe–S cluster biogenesis
was initially demonstrated by the phenotypic characterization of a
S. cerevisiae null strain for the mitochondrial Grx5 [12,48]. It was ﬁrst
shown that the grx5mutant displays a high sensitivity to hydrogen per-
oxide and menadione resulting in growth defects in minimal medium,
a decreased tolerance to an osmotic stress and it is unable to grow on re-
spiratory media [12]. Accordingly, higher levels of glutathionylated andcarbonylated proteins have been detected in this mutant [12,49]. These
observations together with the in vitro demonstrated reductase activity
of Grx5 towards a glutathionylated carbonic anhydrase from rat sug-
gested that Grx5 primarily acted as an oxidoreductase playing a central
role in the protection of proteins against oxidative damage under normal
growth conditions and stress conditions [50]. However, an experiment
aiming at isolating genes/proteins that suppress grx5mutant phenotypes
led to the isolation of proteins involved in the maturation of Fe–S clus-
ters, including the chaperone Ssq1 and the carrier protein Isa2 [48]. Inter-
estingly, the Isa1 paralogwas unable to suppress the phenotypes. Hence,
the reﬁned analysis of grx5mutant phenotypes indicated that iron accu-
mulated in the cells and that the activities of two mitochondrial Fe–S
proteins, aconitase and succinate dehydrogenase, were impaired [48,51].
In vertebrates, the mutation of grx5 leads to severe diseases and is
embryo-lethal in zebraﬁsh [52–54]. In all analyzed mutants or patients,
Fig. 3. Intermolecular interactions and structural rearrangements upon [2Fe–2S] cluster ligation. (a) [2Fe–2S] cluster coordination in EcGrx4 (class II)with contacting residues at the dimer
interface. Monomer A is colored in green and monomer B in cyan. (b) [2Fe–2S] cluster coordination of AtGrxC5 (class I) with GSH intermolecular bonds. (c) and (d) Conformational
rearrangements in HsGrx2 and AtGrxC5 upon [2Fe–2S]-cluster ligation, respectively. Apoforms and holoforms are colored in cyan and green, respectively.
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shiraz mutant developed an hypochromic anemia which corresponds
to a defect in hemoglobin production [53] and that a human patient
with a mutation in grx5 developed a sideroblastic-like microcytic ane-
mia [52]. The functional and molecular characterization of these mu-
tants indicated that the mitochondrial Fe–S cluster assembly is indeed
impaired [54]. Consequently, the major regulator of iron homeostasis,
the iron-regulatory protein 1 (IRP1), which is connected to the mito-
chondrial Fe–S cluster biosynthesis, is also affected. IRP1 is a cytosolic
protein that acts as an aconitase when binding a [4Fe–4S] cluster but
as a post-transcriptional regulator under apoform, recognizing iron
responsive elements (IRE) of target genes for their regulation. The
defect in heme synthesis is thus explained by the deregulation of the
aminolaevulinate synthase (ALAS2) which codes for the enzyme in-
volved in the ﬁrst step of heme biosynthesis and the expression of
which is usually repressed by IRP1. More recently, another mutation
in the human Grx5 gene has been associated to nonketotic hyperglyce-
mia [55]. This patient harbors a deﬁcient lipoylation, suggesting that
Grx5 is required for the maturation of the mitochondrial Fe–S con-
taining lipoate synthase [55].
3.1.2. Molecular mechanisms
At the molecular level, the question was to delineate the precise
function of these Grx5 orthologs in this multistep Fe–S cluster matura-
tion process. Indeed, there is a plethora of proteins involved and
although their position in the sequence of events is often clearly
established, their exact function(s) are sometimes less clear. The current
knowledges are that the cysteine desulfurase Nfs1 is responsible of sul-
fur mobilization from cysteine and is stabilized by Isd11 [56]. They form
ternary complexes with Isu/IscU scaffold proteins and quaternary com-
plexes upon frataxin arrival (Fig. 4). The frataxin would regulate the
entry of iron into the complex [57], but it is likely not the iron donor
or storage protein, meaning that another iron chaperone/delivery sys-
tem should exist. The electrons required to reduce sulfane sulfur intosulﬁde would be provided by a NADH/ferredoxin reductase (FdxR)/
ferredoxin (Fdx) system. From studies performed with the bacterial
IscS, it is interesting to note that ferredoxin and frataxin were found to
compete for IscS binding, suggesting that there might be a continuous
exchange between both proteins in this complex [58,59].What is pretty
clear is that the Ssq1 (HSP70 type) and Jac1 (J-type) chaperone proteins
as well as the nucleotide exchange factor Mge1 participate in the early
steps of the Fe–S cluster transfer but whether they are essential for all
reactions is unclear. Additional carrier proteins, namely Ind1, Isa1/Isa2
and Nfu1, are required for the maturation of speciﬁc clusters [56].
Isa1/Isa2 are acting in conjunction with Iba57 proteins [60]. While it is
not clear how Ind1 gets its Fe–S cluster, Nfu and Isa/IscA are likely sup-
plied by Grx5 [60,61].
In order to assign a precise function to Grx5, Mühlenhoff and collab-
orators initially analyzed the in vivo incorporation of radiolabelled 55Fe
into some target proteins after feeding the yeast grx5 mutant by this
element [51]. Using this approach, they observed an accumulation of
iron and possibly of Fe–S cluster on Isu1 as for ssq1 or jac1 mutants
which suggested that they are all acting after Isu1, having either redun-
dant or eventually complementary functions [51]. It is noteworthy that
this observation was consistent with the complementation of the grx5
mutant by Ssq1 overexpression [48]. At this point, the question was to
know whether Grx5 was involved in the reduction of some speciﬁc
ISC components or acceptor proteins or whether it incorporated itself
an Fe–S cluster for its subsequent delivery to ﬁnal acceptors or to ISC
partner proteins. Whereas the ﬁrst point is difﬁcult to assess, it was
shown that a recombinant ScGrx5 did bind a [2Fe–2S] cluster in vitro
[62]. Moreover, it also very likely binds an Fe–S cluster in vivo since
radiolabelled 55Fe protein can be immunoprecipitated from cells
overproducing ScGrx5 [62]. However, the nature of the incorporated
Fe–S cluster is not yet completely clear since in another study, an
in depth spectroscopic characterization of ScGrx5 demonstrated the
ability of the recombinant protein to incorporate linear [3Fe–4S] clus-
ters and [4Fe–4S] clusters in addition to [2Fe–2S] cluster [46].Moreover,
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4S] cluster-bridged ScGrx5 to transfer its cluster to an apo-aconitase
[46]. These results were particularly interesting considering that
aconitase activity is affected in the grx5 mutant and that Grx5 is in-
volved in the maturation of both [2Fe–2S] and [4Fe–4S] clusters as
shown by examining the Fe–S cluster binding of two reporter Fe–S pro-
teins bearing both types of clusters in Δgrx5 cells [62].
Recently, Uzarska and collaborators deciphered themolecular deter-
minants controlling the interactions between Isu1, Grx5, Ssq1 and Jac1
[62]. Since Fe–S cluster incorporation into a S. pombe Grx5 expressed
in isu1, jac1 or ssq1mutant backgrounds is decreased, it was concluded
that all three proteins are required for thematuration of Grx5 holoform.
Then, by coupling in vitro and in vivo approaches, they have demonstrat-
ed that an apoform of Grx5 interacted with Ssq1, preferentially when
the latter is in an ADP rather than in an ATP state. The fact that it did
not prevent Isu1–Ssq1 interaction indicated that Grx5 and Isu1 can
bind Ssq1 simultaneously at independent sites. Hence, the current
view is that a Jac1–holoIsu1 complex is recruited by Ssq1, already in
complex or not with Grx5, thus facilitating the Fe–S cluster transfer
from Isu1 to Grx5 (Fig. 4). Then, by exchanging ADP to ATP onto Ssq1,
Mge1 would promote the disassembly of the Ssq1–Grx5 complex. Con-
sistentwith thismodel, the in vitro [2Fe–2S] cluster transfer between Isu
and Grx5 from Azotobacter vinelandii is strongly stimulated by the pres-
ence of HscA and HscB, the bacterial chaperones orthologous to yeast
Ssq1 and Jac1 respectively [63].
At this point, the question was to determine what the physiological
Fe–S acceptors of Grx5 were. Among the known components of the ISCmachinery, this could be Ind1, Nfu1, Isa1/2 or eventually Iba57, al-
though there is no evidence that the latter protein can incorporate an
Fe–S cluster. Whereas there is no direct evidence for an interaction
with Ind1, Nfu1 or Iba57, several evidences link Grx5 with Isa proteins.
First, an interaction between S. cerevisiae Grx5 and Isa1 was demon-
strated by binary yeast two-hybrid [64]. Using bimolecular ﬂuorescence
complementation, an interaction between Grx5 and Isa1 and Isa2
was also observed for S. pombe proteins [65]. More recently, it was
demonstrated by nuclear magnetic resonance (NMR) experiments
that human Grx5 is able to transfer its [2Fe–2S] cluster to human Isa
orthologs, IscA1 and IscA2 [42]. This transfer seems unidirectional as
no Fe–S cluster transfer was observed when IscA1 under holoform and
Grx5 under apoform were incubated together [42]. These NMR experi-
ments also revealed that, in solution, Grx5 holoform would exist as a
mixture of two species and that one of these species preferentially
transfers its Fe–S cluster to IscA1. Moreover, according to previous re-
ports pointing to the stabilizing effect of GSH [35], increasing GSH con-
centration does not favor Fe–S cluster release revealing that it is stably
bound in Grx5 and that its transfer requires speciﬁc protein–protein in-
teractions between Grx5 and acceptor protein. Finally, as no interaction
was visible between both proteins under apoform, the [2Fe–2S] cluster
seems indispensable to promote the interaction between Grx5 and
IscA1/2 as already observed for other metal transfer reactions [42].
From the documented existence of Grx–BolA interaction in numerous
species, another likely partner of Grx5 is BolA3. The study of a human
patient presenting a mutation in the bolA3 gene demonstrated that
this protein is required for the normal maturation of Fe–S enzymes in
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dehydrogenases [55,66,67]. As BolAs cannot incorporate an Fe–S cluster
by itself, this suggests that BolA3 function would be linked either to its
capacity to form holo-heterodimer with Grx5 or to an inhibitory effect
of some Grx5 homodimer functions. However, the latter effect is unlike-
ly since the defects in the bolA3mutant do not exactly match those in
the grx5mutant.
Overall, these results indicate that mitochondrial Grx5members be-
long to the core mitochondrial ISC assembly machinery. Indeed, several
target proteins of the mitochondrial ISC machinery are affected in
grx5 mutants (aconitase, succinate dehydrogenase, lipoate synthase)
but, more importantly, grx5 mutants are the only one described so
far among carrier proteins where the cytosolic CIA machinery and
the Aft1 or IRP1 regulation are also impaired [54,62,68]. Hence, by facil-
itating the transfer of Fe–S clusters preformed on Isu scaffold proteins to
more speciﬁc ISC targeting factors such as IscA1/2, Grx5 seems to be the
ﬁrst acting protein among all carrier proteins. Moreover, to date, this is
the only carrier protein which proved to be required for the assembly
of both [2Fe–2S] and [4Fe–4S], whereas Nfu, IscA, Iba57, Ind1 seem
devoted to the maturation of proteins containing [4Fe–4S] clusters.
For this reason, it is assumed that it could also provide Fe–S clusters
to mitochondrial [2Fe–2S] binding proteins such as ferrochelatase or
ferredoxin [69]. Concerning its contribution to the ISC export machin-
ery, an attractive hypothesis would be that it provides glutathione-
complexed Fe–S clusters or other glutathione persulﬁde forms to the
ATM transporters. Indeed, GSH is clearly required for this process [70],
and GSH, GSH derivatives and glutathione-complexed Fe–S clusters
proved to signiﬁcantly stimulate the ATPase activity of ATM trans-
porters [71–73].
While the role of the mitochondrial Grx5 seems conserved across
kingdoms, it is important to mention that the poplar GrxS15 ortholog
does not complement the grx5mutant phenotypes [36]. In Trypanosoma
brucei, there are 2 class II Grxs in mitochondria, namely 1-C-Grx1 and
1-C-Grx2,While 1-C-Grx1 possesses an N-terminal extension unrelated
to the Trx domain found in multidomain CGFS Grxs and a slightly dif-
ferent CAYS active site signature, it binds an Fe–S cluster and based on
its capacity to complement the yeast grx5 mutant, it might be the one
participating to the Fe–S cluster biogenesis [39]. The protein seems in-
dispensable for the parasite life, since gene silencing or deletion is im-
possible [45]. In summary, it is puzzling that the deletion of Grx5 in
yeast species only leads to relatively mild phenotypes whereas it is
lethal in some other organisms and the deletion of Isu/IscU, the Fe–S
cluster donor recurrently leads to strong phenotype defects. Possible in-
terpretations are that Grx5 only assists cofactor assembly for a speciﬁc
subset of non-essential Fe–S proteins or that it is an accessory protein
in yeast, i.e. Fe–S clusters can still be transferred from Isu to acceptor
proteins possibly through the chaperone system. We have mentioned
already above that overexpression of Ssq1 but also Isa2 can suppress
Grx5 defects. On the other hand, the observed synthetic lethality
when Grx5mutation is combined to Grx2 deletion or to Grx3/4 deletion
in S. cerevisiae is another point to integrate in this scheme [12]. Indeed,
this indicates that these Grxs can somehow substitute to Grx5 function.
Since S. cerevisiae Grx2 does not likely incorporate an Fe–S cluster, this
could imply that at least part of the Grx5 function relies on a reductase
activity.
3.2. Undeﬁned roles of chloroplastic class II Fe–S glutaredoxins in the SUF
machinery
In photosynthetic organisms, many Fe–S proteins are also present in
chloroplasts and they are essential for photosynthesis, some proteins
being present in the cytochrome b6/f and photosystem I complexes
and involved in chlorophyll metabolism. They are also required for
example for nitrogen or sulfur metabolism, an Fe–S cofactor being
found in GOGAT and nitrite reductase or in APS reductase and sulﬁte re-
ductase respectively [74–76]. Hence, plants possess an additional Fe–Scluster assembly machinery speciﬁcally devoted to the maturation of
chloroplastic Fe–S proteins [76]. This SUF machinery, derived from a
bacterial system, is present along the green lineage (cyanobacteria,
algae, terrestrial plants).While the role ofmany actors has been precise-
ly determined, the one of plant class II Fe–S Grxs in this process, if any, is
not yet elucidated (reviewed in [76]).
The hypothesis that GrxS14 and GrxS16 participate to the matura-
tion of Fe–S clusters in the chloroplast in association with the SUF
machinery was built on the observation that poplar and Arabidopsis
proteins were able to complement the yeast grx5 mutant defects
when targeted into mitochondria [36,77]. Moreover, poplar and
Arabidopsis recombinant proteins can incorporate labile [2Fe–2S] clus-
ters that can be rapidly and quantitatively transferred to the apoform
of Synechocystis ferredoxin [35,36]. Altogether, these data suggested a
role of carrier proteins similar to the one attributed to mitochondrial
Grx5. For this reason, the relationship with other known SUF compo-
nents was investigated. For example, in vitro transfer experiments
between [2Fe–2S]-bridged monothiol Grxs and potential acceptor
apoproteins have revealed a rapid, unidirectional and quantitative
transfer from AtGrxS14 to AtSufA1, a chloroplastic A-type protein
[78] or to the sirohydrochlorin ferrochelatase SirB (Albetel, Couturier,
Rouhier, Johnson, unpublished results). On the other hand, using the
same approach, it was shown that GrxS16 but not to GrxS14 can re-
ceive a [2Fe–2S] cluster from AtNfu2 [79]. These different results con-
ﬁrmed that, depending on the partners, chloroplastic class II Fe–S
Grxs can either receive or transfer Fe–S clusters but their exact role
and position in the whole process remain undetermined. Indeed, ge-
netic evidences are still lacking maybe because of a redundancy be-
tween these proteins. The phenotypic analysis of a GrxS14 knock-out
mutant showed that the root development of Murashige and Skoog
medium grown plants was slightly altered in response to H2O2 treat-
ment [77] but it did not reveal any link to a deregulation of the SUFma-
chinery or of iron homeostasis.
Some more evidence came from the study of Grx4, the only class II
Fe–S Grx from E. coli. Albeit its role(s) is not yet elucidated, a link with
the SUF machinery was done from some genetic analyses. It was ob-
served that a grx4/grxD mutant is sensitive to iron depletion [80] and
that the mutation of the grx4 gene is synthetic lethal when combined
to any mutation of genes of the isc operon [81]. Given that mutants
for genes of the suf operon display the same characteristics [82], it
was concluded that Grx4 is functionally linked to the SUF system.
Also, it was shown that the activity of MiaB, a radical SAM enzyme
involved in tRNA methylation, is impaired in a grx4 mutant [83]. Be-
sides, the description of a covalent interaction of Grx4 with the SufE
sulfurtransferase via their respective cysteine residues pointed to a pos-
sible role of Grx4 in regulating sulfur release from SufE or to the direct
assembly of an Fe–S cluster onto Grx4 without the involvement of the
identiﬁed SUFBCD scaffold complex [84]. This interaction may also
make echo to the existence of SufE1 proteins in plants, hybrid proteins
formed by a SufE domain fused to a BolA domain [85,86]. SufE1 is essen-
tial for the Fe–S cluster biogenesis in chloroplasts and possibly in
mitochondria, acting as a sulfur-transferase in conjunction to the cyste-
ine desulfurase Nfs2 and possibly Nfs1 [85,86]. Using binary yeast two-
hybrid and bimolecular ﬂuorescence complementation assays in
A. thaliana protoplasts, an interaction of both plastidial GrxS14 and
GrxS16 with SufE1 has been demonstrated and this interaction seems
to depend on the presence of the BolA domain of SufE1 [87]. Besides a
possible regulation of the redox state of SufE1 was suggested by the ob-
servation that these Grxs can reduce an inactive SufE1 glutathionylated
form [87]. Hence, the question of a possible regulatory role of plastidial
CGFS Grxs is raised. Since SufE1 activity is crucial for activation of Nfs2,
the interaction with Grxs might allow the ﬁne tuning of the whole
chloroplastic Fe–S cluster assembly system. This could be achieved via
a redox control, via a simple non Fe–S dependent interaction or eventu-
ally via the formation of Grx–SufE1 holo-heterodimers since the forma-
tion of Fe–S bridged BolA–Grx dimers seems universal.
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repair/regeneration
Beyond the de novo assembly of Fe–S clusters, other evidences
suggest that monodomain class II Fe–S Grxs could play a role in the re-
pair of Fe–S clusters. This role has been notably proposed following the
demonstration that ScGrx5 has the ability to incorporate linear [3Fe–4S]
clusters [46]. The observation that these linear [3Fe–4S] cluster-loaded
Grx5 formswere only isolated after exposure of cell-free extracts to aer-
obic conditions, whereas it was devoid of Fe–S clusters when puriﬁca-
tion was achieved directly after bacterial cell lysis, suggested that
ScGrx5 could recycle released Fe–S clusters from damaged proteins.
Incidentally, this might also prevent the harmful effects due to the
iron accumulation observed in grx5mutant cells. Another result consis-
tent with a role in Fe–S repair or regeneration comes from the observed
impaired MiaB activity in an E. coli grx4mutant [83]. Indeed, MiaB is a
radical SAM enzyme which binds two [4Fe–4S] clusters, one of them is
an auxiliary cluster which serves for sulfur donation [88]. This implies
that an Fe–S cluster regeneration or repair mechanism should exist to
keep MiaB functional. Although the existence of a [4Fe–3S] cluster on
MiaB after turnover activity still has to be proved, the fact that Grx4 in-
teracts with MiaB under both apo-and holoforms but, contrary to NfuA,
is unable to transfer an Fe–S cluster led the authors to hypothesize that
Grx4 might participate to the regeneration of an active MiaB either by
providing the missing sulfur atom under holoforms or by scavenging
the partially degraded [4Fe–3S] cluster under apoforms [83]. Further ex-
periments are urgently needed to substantiate this point.
4. Regulatory functions of nucleo-cytoplasmic multidomain class II
Fe–S Grxs in iron metabolism
4.1. General overview
Among multidomain Grxs, only higher plants possess class II Grxs
with three Grx domains, referred to as GrxS17, whereas other photo-
synthetic and non-photosynthetic eukaryotes have isoforms formed
by one Grx domain such as in S. cerevisiaeGrx3 and Grx4 or two Grx do-
mains such as in mammalian Grx3 also called PICOT (protein kinase C
interacting cousin of thioredoxin) [89]. Most multidomain class II Grxs
are localized in the cytosol and/or in the nucleus [90–93]. Although
not involved in Fe–S cluster binding, the N-terminal Trx-domain
found in these proteins proved to have important contributions. Despite
the lack of speciﬁc NLS signature, the Trx-domain is responsible for the
nuclear localization of yeast Grx3/4 [93]. Moreover, it is essential for
their roles in iron trafﬁcking and Aft1 regulation in vivo, possibly func-
tioning as a docking site facilitating the interaction with partner pro-
teins [47,94]. Accordingly, its importance was also conﬁrmed for the
interactions of Grx4 with Fep1 and Php4, two transcriptional regulators
of iron homeostasis in S. pombe (see Section 4.3) [95,96] and for the
demonstrated role in actin cytoskeleton organization [97]. Interestingly,
all these functions do not require the remnant cysteine of the Trx-like
active site signature [47,97].
From their speciﬁc subcellular localization and their speciﬁc proper-
ties, multidomain class II Fe–S Grxs represents a distinct functional
group [47]. Previous studies assigned numerous functions to these eu-
karyote speciﬁc proteins (Table 1). For example, yeast Grx3 and Grx4
are involved in the polarization of actin cytoskeleton, thus contributing
to oxidative stress resistance [97]. Human Grx3, which was originally
identiﬁed as interacting with the protein kinase C-θ [98], is involved
in various signalling pathways [99–101]. In A. thaliana, GrxS17 is associ-
ated to the temperature-dependent post-embryonic development
through the modulation of auxin response [91]. While these functions
do not necessarily link them to iron metabolism, other studies have
reported that, at least in some organisms, multidomains Grxs are in
fact directly or indirectly involved in the sensing of iron status and in
the cellular distribution of iron.Most multidomain Grxs tested so far (ScGrx3, ScGrx4, poplar and
Arabidopsis GrxS17 and human Grx3) are able to restore the deﬁcien-
cy of yeast grx5 mutant when they are expressed in mitochondria
[36,93,102]. These data suggested that these Grxs could fulﬁll a carrier
function similar to Grx5 isoforms, i.e., to accept an Fe–S cluster from a
donor and to transfer it to an acceptor. Strikingly, the maturation of
holo-Grx3 is only dependent on the mitochondrial ISC assembly ma-
chinery but not on the cytosolic CIA machinery system [103]. Indeed,
in the absence of two early-acting CIA components, Nbp35 and Dre2,
iron binding to Grx3/4 unexpectedly increased rather than decreased
[104]. By analogy to the Fe–S cluster accumulation on themitochondrial
Isu1 in the absence of Grx5, the absence of recipient proteins as Nbp35
might have led to the accumulation of Fe–S loaded Grx3/4 forms. These
obsevations clearly make these Grxs as ideal candidates linking the ISC
and CIA machineries by receiving the mitochondrial signal exported
from mitochondria by ATM transporters. Whether mitoNEET, an Fe–S
protein present in the outer membrane of mitochondria is also involved
remains to be determined.
Because of this central position, diverse phenotypes have been de-
scribed for yeast grx3 and grx4 mutant strains (Table 1). Besides their
involvement in Aft1/2-dependent iron sensing (detailed below), an in-
dependent function in the regulation of intracellular Fe trafﬁcking was
suggested. Indeed, the deletion of both Grx3 and 4 in theW303 genetic
background is lethal [104]. Using a conditional mutant strain, it was
shown that all iron-requiring reactions in cytosol, mitochondria and
nucleus are affected. Despite the induction of Aft1-dependent iron up-
take, the Grx3 and 4 depletion also leads to the impairment of several
mitochondrial iron-dependent proteins such as complexes II and III,
the mitochondrial Fe–S protein aconitase, but also of cytosolic proteins
such as the heme-containing catalase [104]. In addition, the activity of
several proteins containing di-iron centers such as the cytosolic ribonu-
cleotide reductase (RNR), the mitochondrial mono-oxygenase Coq7 are
also strongly decreased [104,105]. These Grx3/4 depleted cells also
displayed a decreased iron level in mitochondria and an increased iron
level in the cytosol respectively. The lower iron level in mitochondria
is quite surprising since previous studies reported that defects in mito-
chondrial Fe–S cluster biogenesis were rather associated to higher iron
levels [106]. Altogether, these data indicate that, in S. cerevisiae, Grx3
and 4 facilitate the correct assembly of several types of iron containing
centers in various proteins. The exact biochemical role of these Grxs is
however unclear. Since the mutation of the active site cysteine
abolished the ability of theseGrxs to function in iron regulation and traf-
ﬁcking, the role might be either related to their ability to bind an Fe–S
cluster, which was proved to occur in vivo or to its inability to mediate
GSH-dependent reactions [47,104]. Measuring the GSH levels and its
redox state in the various subcellular compartments would be very
informative.
In vertebrates, a crucial role of the cytosolic Grx3 in cellular iron ho-
meostasis was also observed [107]. The silencing of Grx3 in human
HELA cells decreased the activity of several cytosolic Fe–S proteins
and these Grx3-deﬁcient cells displayed features characteristic of iron
starvation. Moreover, the deletion of Grx3 in zebraﬁsh impaired heme
biosynthesis as exempliﬁed by the observed defects in the maturation
of hemoglobin during embryonic development. All these results suggest
that the function of cytosolic multidomain class II Fe–S Grxs in iron ho-
meostasis could be conserved between yeast and vertebrates despite
human Grx3 is unable to functionally complement the corresponding
yeast mutant [47].
The absence of multidomain Grxs in prokaryotes raises the question
of whether a similar Grx controlled Fe regulation system exists and
whether this role is played by monodomain class II Fe–S Grxs. As men-
tioned above, the role of E. coli Grx4 is rather associated to the matura-
tion of Fe–S clusters in connexion with the SUF machinery. However,
the described interaction of E. coli Grx4 with BolA [80], which rather
suggests sensing or regulatory roles, may complicate a bit the picture.
Nevertheless, there is no evidence to date for a direct relationship
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letion of grx2 coding for the only class II Fe–S Grx leads to defects in the
maturation of Fe–S proteins and to an increase in the intracellular iron
content, but also to the deregulation of RirA, which has analogous
roles to Aft1, regulating notably genes involved in iron uptake [108].
This suggests dual functions in the sensing of the cellular iron status
and in the maturation of Fe–S proteins.
4.2. Implication of BolA in the Grx-mediated Aft1/2 regulation in
S. cerevisiae
In S. cerevisiae, the iron metabolism is controlled at the transcrip-
tional level by two major transcription factors, Aft1/2 constituting
the sensing system under low-iron conditions and Yap5 representing
the sensing system in response to high-iron conditions (reviewed in
[109]). Aft1 and its paralog Aft2 are involved in the response to iron
deﬁciency by activating the iron regulon i.e., genes coding for proteins
involved in iron uptake and intracellular sequestration and in mito-
chondrial ironmetabolism, whereas Yap5 only regulates the expression
of four genes, one of which is grx4, suggesting a cross-link between
both systems [110]. However, the activation mechanisms seem dif-
ferent since both Grx3 and Grx4 are required to control the Aft1/2
activity [104,111–113], whereas they are apparently not implicated
in the regulation of Yap5 activity [114].
The interaction between Aft1 and Grx3was initially discovered via a
high-throughput yeast two-hybrid approach [115]. Then, the study of
simple grx3 or grx4 mutants revealed an overloading of intracellular
iron and the constitutive activation of iron regulon [112,113] and this
was conﬁrmed for a grx3grx4 double mutant [104]. As already men-
tioned, cells defective for core components of themitochondrial ISCma-
chinery or mutated for atm1 also exhibited a constitutive expression of
the iron regulon [70,111,116]. Thus, it suggested that the inhibition of
Aft1/2 necessitates the transmission of signal dependent on the ISC
and ISC export machineries and that is relayed by Grxs [117]. A more
complete picture of themolecularmechanism responsible for this regu-
lation has been obtained recently and is detailed below.
Under low-iron conditions, Aft1 is localized in the nucleuswhere it is
able to promote gene transcription, whereas under iron-sufﬁcient con-
ditions, Aft1 is inactive being exported to the cytoplasm by interaction
with the nuclear exporter Msn5 [118,119]. Nevertheless although Aft1
remained in the nucleus in a yeast msn5 mutant, its activity was still
suppressed in iron-replete conditions which suggested that Aft1 disso-
ciation from DNA requires an additional step [117]. In fact, using a ge-
netic screen designed to identify genes that regulate the iron regulon,
it has been shown that Grx3 and Grx4 were involved in a protein com-
plex also comprising two cytosolic proteins named Fra1 (Fe repressor of
activation 1), an aminopeptidase P-like and Fra2 (Fe repressor of activa-
tion 2), a BolA-like protein, the depletion of which also led to an in-
creased transcription of the iron regulon [111]. The isolation of Fra2
was consistent with the iron homeostasis defects previously observed
for a fra2mutant [120].
Subsequently, several studies have reported that, besides the ca-
pacity of Grx3/4 to bind an Fe–S cluster into homodimers, they can
also form [2Fe–2S] cluster-bridging heterodimeric complexes with
Fra2 [94]. Interestingly, Fra2 converted the [2Fe–2S] Grx3 homodimer
to [2Fe–2S] Grx3–Fra2 heterodimer, this conversion being thermody-
namically and kinetically favored [121]. From the biochemical and
spectroscopic characterizations of these clusters, it was concluded
that the ligation involved the cysteinyl residues of the CGFS active
site signature and of one glutathione molecule and a histidyl residue
from Fra2, whereas the nature of the fourth ligand was unknown [94,
121]. Recent spectroscopic and structural characterization of a
GrxS14–BolA1 heterocomplex involving Arabidopsis proteins indicated
that an additional histidyl residue from BolA1 is the fourth ligand,
forming a Rieske-type Fe–S cluster [122]. However, BolA1 and Fra2 do
not belong to the same phylogenetic clade and Fra2 does not possessthe equivalent His residue. Instead, it was proposed that a cysteine res-
idue found in the same loop could constitute the fourth ligand formem-
bers of the Fra2 clade.
The in vivo validation that themutation of the conserved C-terminal
His103 destabilized the Fe–S cluster and prevented the iron-dependent
inhibition of Aft1 [121], conﬁrmed that the [2Fe–2S] Grx3/4–Fra2
heterodimer is indispensable for Aft1 inhibition. The understanding of
the precise molecular mechanism involved in the regulation of Aft1/2
came from the report that Aft2 can bind a [2Fe–2S] cluster into a
dimer and that it only interacts with and accepts an Fe–S cluster from
a [2Fe–2S] loaded Fra2–Grx3 complex but not from a [2Fe–2S] cluster
bound form of a Grx3–Grx3 homodimer [123]. Overall, it was concluded
that the DNA afﬁnity of the [2Fe–2S] loaded Aft2 is decreased, which
promotes its nuclear export, preventing as explained above its ability
to activate the iron regulon. The fact that Aft1/2 is only partially
repressed in the fra2 mutant under iron-replete conditions suggests
that a Grx3/4 holo-homodimer may be able to transfer Fe–S cluster to
Aft1/2 in vivo although less efﬁciently [111]. Recently, structural and
spectroscopic data on Grx–BolA complexes showed that the apo- and
holo-heterodimers formed between both proteins involved different
protein regions [122]. This evidence may help in reﬁning the model of
Aft1/2 regulation by Grx–BolA heterodimers. Under iron-replete condi-
tions, favoring the formation of holo-heterodimers, the Grx C-terminal
region, which was shown to be involved in Aft1 recognition [47], is ac-
cessible. Hence, this might allow the recruitement of Aft1/2 and thus
the Fe–S cluster transfer to Aft1/2 and its subsequent export from the
nucleus. On the contrary, under iron-depleted conditions, the formation
of Grx–BolA apo-heterodimers should be favored. In this complex, the
Grx C-terminal tail is part of the interaction area with BolA. Thus, the
masking of this region likely prevents the interaction with Aft1/2
which promotes its accumulation in nucleus where it can activate the
iron regulon [122]. For more complete information on all the Aft1 regu-
lation aspects, we invite the reader to refer to a recent review [109].
To conclude on the role of yeast cytosolic class II Fe–S Grxs in iron
metabolism, it is noteworthy that the Fe trafﬁcking and Aft1/2 regula-
tion functions are independent although both require Fe–S cluster
binding. Indeed,mutagenesis studies aiming at deciphering the speciﬁc-
ity of interaction betweenGrx4 andAft1 demonstrated that the replace-
ment of the C-terminal part of S. cerevisiae Grx4 by the corresponding
region of Schizosaccharomyces pombeGrx4 abolished the interaction be-
tween Grx4 and Aft1 but did not impair Fe trafﬁcking functions [47].
4.3. Glutaredoxins also control iron homeostasis in Schizosaccharomyces
pombe
In S. pombe, iron homeostasis is essentially regulated by two tran-
scription factors Fep1 and Php4 [124,125]. Under iron-replete condi-
tions, Fep1 represses the expression of iron uptake and transport genes
to avoid iron overload. On the contrary, under low-iron conditions,
Php4 represses the expression of genes involved in iron-dependentmet-
abolic pathways [126]. In addition, the expression of these two tran-
scription factors is reciprocally controlled allowing a direct cross-talk
between iron uptake and iron utilization [126,127]. Interestingly, both
repressors are controlled at the post-translational level by Grx4, the
only cytosolic class II Fe–S Grx in S. pombe [128]. Indeed, genetic studies
of the grx4 mutant revealed that Php4- and Fep1-regulated genes are
constitutively repressed and that Php4 was constantly localized in the
nucleus [95,96,129,130]. Similarly, it was shown that Fep1 is also consti-
tutively active and bound to its target gene promoters in a fra2 S. pombe
mutant [131].
The physical interaction of Grx4 with Fep1 and Php4 was conﬁrmed
by yeast two hybrid assays, bimolecular ﬂuorescence complementation
and co-immunoprecipitation studies and it was shown by mutagenesis
to depend on the cysteine of the Grx domain [95,96,129,130]. Hence,
these results suggest that the presence of an Fe–S cluster on Grx4 is
indispensable for its ability to interact with Fep1 and Php4. However,
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binding Grx4 homodimer in the regulation of Fep1 and Php4 should
be different, since Grx4 inhibits Fep1 under low-iron conditions and
Php4 under iron-replete conditions [124]. In the case of the Fep1 inter-
action with Grx4 and Fra2, it was shown that the Trx domain of Grx4
strongly interacts with the C-terminal part of Fep1 and that Fra2 inter-
acts with Fep1 independently of the cellular iron status [95,131]. On
the contrary, the Grx domain of Grx4 interacts with the N-terminal
part of Fep1 only under iron-limiting conditions [95,129]. Finally, it
was demonstrated that the Fep1–Fra2 interaction occurs in nuclei and
that both proteins form a complex with Grx4 [131]. Hence, all these re-
sults seem to indicate that the regulation of Fep1 by both Grx4 and Fra2
in S. pombe resembles the regulation of Aft1/2 by the Grx3/4–Fra2 com-
plex in S. cerevisiae. However, considering that iron binding is not neces-
sary for Fep1DNAbinding and that there is no demonstration of an Fe–S
cluster bound to Fep1 [95,129], the requirement of an holo-Grx4 for
regulating Fep1 activity implies that it does not involve an Fe–S cluster
transfer between both proteins but that the interaction of Fep1 with
Fra2 and/or holoGrx4 would trigger conformational changes on Fep1,
favoring its DNA binding and thus its repressive activity [124].
In contrast to Fep1, the regulation of Php4 activity by monothiol
Grx4 might be different from the Grx3/Grx4 regulation of Aft1/Aft2 in
S. cerevisiae. As in the case of Fep1–Grx4 interaction, the Trx domain
of Grx4 is constitutively associated with Php4 whatever the cellular
iron status [96]. On the contrary, the interaction between the Grx
domain of Grx4 and Php4 occurs under high-iron conditions. This
Php4–Grx4 interaction is abolished when the cysteine of the CGFS sig-
nature or when two conserved cysteine residues in Php4 are mutated
[96]. Hence, it has been proposed that under high-iron conditions,
Grx4 and Php4 may form an holoheterodimer preventing the binding
of Php4 to the Php2/Php3/Php5 complex and favoring its export from
the nucleus by the Crm1 exportin [96]. From all these data, a model
for the iron-dependent control of gene expression in S. pombe involving
notably Fep1, Php4 and Grx4 but not Fra2 has been proposed recently.
We invite the reader to refer to this review for more exhaustive details
about these molecular mechanisms [124].
4.4. Evolutive conservation of the Grx–BolA interaction and possible
additional roles
There is a plethora of evidence that the class II Fe–S Grx–BolA
functional relationship is conserved in both prokaryotes and eukary-
otes. Indeed, both genes are found in adjacent position in several pro-
karyote genomes and a strong co-occurrence exists between both
genes [13,132]. Moreover, hybrid proteins where a BolA domain
is fused to a Grx domain are present in some proteobacteria of
the Methylococcale order. Besides these genomic evidences, high-
throughput approaches experimentally conﬁrmed a physical interac-
tion for S. cerevisiae, Drosophila melanogaster, E. coli and A. thaliana
proteins [133–138]. During the last ﬁve years, the Grx–BolA interaction
has been more extensively studied using targeted biochemical and cel-
lular approaches, focusing in particular on the molecular and structural
determinants involved in the formation of Grx–BolA holo-heterodimer
[87,94,111]. However, despite the demonstration that proteins from
E. coli, human and A. thaliana can form [2Fe–2S] cluster-bridged hetero-
dimer [80,139,140], their involvement in the regulation of iron homeo-
stasis has been demonstrated only in S. cerevisiae whereas it awaits a
ﬁrm conﬁrmation in S. pombe and in other organisms.
On the other hand, several reports suggest that the interaction
between some Grx and BolA, essentially the protein couples present in
organelles (mitochondria and chloroplasts), could fulﬁll other functions
notably related to the maturation of Fe–S clusters and its regulation.
Indeed, there are 3 BolA isoforms in S. cerevisiae 4 in S. pombe, 2 in
Homo sapiens and 3 in plants (4 by including the BolA domain of
SufE1 protein) [87,141]. In S. pombe, it seems that they are not inter-
changeable since, among the four BolA-like proteins, only fra2 deletioncaused defects in the transcriptional response to iron starvation [131].
In human, BolA1 and BolA3 are found in mitochondria together with
Grx5 [66,142]. While the role of BolA1 seems associated to the control
of the mitochondrial thiol redox potential, BolA3 would participate to
the maturation of Fe–S proteins. The demonstration that Grx–BolA het-
erodimers can give or receive Fe–S clusters supports a widespread dis-
tribution of the latter role. Indeed, in vitro transfer experiments
showed an efﬁcient [2Fe–2S] cluster transfer from an A. vinelandii A-
type protein (NIFIscA) to a S. cerevisiae Fra2–Grx3 apo heterodimer
[78]. On the other hand, although the Fe–S cluster transfer occurs for
regulatory purposes, a S. cerevisiae Fra2–Grx3 heterodimer is able to
transfer its Fe–S cluster to an apoAft2 [123]. Finally, as explained in
the Section 3.2, the presence of a BolA domain in plant SufE1 proteins
raises the possibility that it contributes to a Grx-controlled regulation
mechanism allowing to modulate SUF functioning.
5. Conclusions and perspectives
Considering the variability found in the domain organization of Grxs,
the existence of numerous Fe–S bound Grxs and BolAs in different sub-
cellular compartments, and the capacity of Grxs to integrate various
types of Fe–S clusters alone or with BolA, the roles associated to these
Grxs are very diverse. In vitro analyses dealing in particular with the
spectroscopic and structural characterization of recombinant proteins
are still required since mutational analyses indicated that it is fairly im-
possible to predict from the primary sequence,whichGrxs can assemble
Fe–S clusters. However, an important aspect in the future will be to
validate these in vitro observations by demonstrating the physiological
relevance of these forms. In this respect, the observation that Grx func-
tions are impaired when the cysteine of the active site signature is mu-
tated is insufﬁcient as it affects both the oxidoreductase and Fe–S cluster
binding properties. In addition, although showing the presence of Fe–S
clusters bound to Grxs in vivo is already a good start, evaluating the
relative proportion of apo vs holoforms would be more valuable. How-
ever, this aspect currently encounters major technical problems.
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